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Smart  windows  are  heralded  as  a  pivotal  technology  for  building  energy
efficiency and carbon neutrality. By dynamically regulating solar heat gain,
they  fundamentally  alter  building  thermal  loads.  However,  the  field  is
currently  constrained  by  a  unidirectional  loss  system  spanning  the  entire
innovation chain. While academic breakthroughs propel laboratory devices
to  new  performance  peaks,  the  transition  to  commercial  products  is
consistently plagued by severe performance degradation. This Perspective
dissects the full technical chain to identify the critical bottlenecks respon-
sible for  this  cascading  degradation.  We  highlight  that  the  most  conse-
quential  gap lies not merely in the disconnect between laboratory metrics
and  real-world  application  scenarios,  but  more  critically  in  the  prevailing
paradigm that treats smart windows solely as passive energy-saving barri-
ers. This narrow focus entirely overlooks their potential as active, demand-
side flexibility nodes interacting with the emerging new power system. To
bridge  these  gaps,  this  paper  proposes  shifting  from  a  linear,  material-
centric  pipeline  to  a  circular,  application-driven  ecosystem  that  redefines
smart windows as grid-interactive flexible assets.

 MATERIAL-DEVICE:  THE ‘HERO DATA’ TRAP AND SPECTRAL BOTTLE-
NECKS

The evolution of smart window materials has progressed from basic color-
changing functionality to the pursuit of precise spectral modulation. As illus-
trated  in Figure  1,  this  phase  marks  the  beginning  of  the  value  chain  (the
‘Material:  Candidate  mining’ stage),  where  researchers  strive  for  theoretical
maxima and propel devices to the performance peak.

 Characteristics  and  performance  of  thermochromic  and  electrochromic
materials

In  the  realm  of  passive  modulation,  decades  of  research  have  optimized
thermochromic (TC) materials. Vanadium dioxide (VO2) has been engineered
via doping and nanostructuring to lower  its  phase transition temperature to
near  room  temperature,  yet  it  suffers  from  low  luminous  transmission  and
undesirable  yellowing,  while  high-performance  hydrogels  face  long-term
stability  challenges.  Parallel  advancements  have  reshaped  electrochromic
(EC)  technology,1 moving  from  liquid  organic  systems  to  robust  all-solid-
state  inorganic  devices.  High-efficiency  EC  materials  are  distinguished  by
their  capacity  to  achieve  substantial  optical  modulation  at  lower  charge
densities (2–20 mC/cm2).

 Development and mechanisms of multi-band electrochromic devices
A  fundamental  bottleneck  persists  in  traditional  devices.  Smart  materials

suffer  from  spectral  coupling,  where  blocking  near-infrared  (NIR)  heat
inevitably  blocks  visible  (VIS)  light.  This ‘all-or-nothing’ modulation  forces

building  occupants  to  rely  on  artificial  lighting,  incurring  an  energy  penalty
that  negates  the  cooling  benefits.  This  dilemma has driven the  field  toward
wavelength-selective,  multi-band  modulation,  seeking  to  decouple  VIS  and
NIR control. Band-selective modulation can be achieved using materials that
absorb light in distinct spectral regions upon electrochemical charging.2 The
polaron  mechanism,  central  to  VIS  light  modulation,  relies  on  the  synergy
between localized charge carriers and lattice distortion. Conversely, the plas-
monic mechanism  modulates  NIR  light  via  collective  oscillation  of  delocal-
ized free electrons. Advanced devices hybridize these mechanisms for versa-
tile control, achieving three (Bright, Cool, Dark) or four modes switching with
exceptional optical contrasts.3

 The transition bottleneck from materials to practical devices
While these multi-mode devices represent a performance peak in spectral

precision,  they  introduce  a  new  layer  of  complexity  that  widens  the  gap
between  laboratory  success  and  practical  realization.  Relying  on  data  from
small-scale samples often obscures the challenges of mass production. This
is visually represented in Figure 1 by the steep decline from the device peak,
labeled as the ‘Scalability’ hurdle. The high degree of uniformity and stoichio-
metric control  achievable in small  chambers is significantly harder to main-
tain when scaling up to meter-sized architectural  glass.  The intricate nano-
architecture  and  precise  charge-balancing  required  for  dual-band  devices
often  render  them  incompatible  with  existing  high-throughput manufactur-
ing  lines.  Thus,  the  field  finds  itself  at  an  impasse.  The  materials  that  work
best  are  too  complex  to  manufacture  cheaply,  and  the  materials  that  are
easy to make do not work well enough for human-centric environments.

 DEVICE-PRODUCT:  THE  ENGINEERING  FILTRATION  AND  SURVIVAL
COMPROMISE

The transition from a laboratory prototype to a market-ready product is not
merely a  scaling  process;  it  is  a  brutal  engineering  filtration  where  perfor-
mance  is  traded  for  survivability.  As  shown  in Figure  1,  the  performance
curve drops into a deep canyon, resulting in a ‘Product: Engineering compro-
mise’.  The  design  focus  shifts  from  the  academic  pursuit  of  theoretical
maxima to the industrial imperative of yield, uniformity, and risk minimization.

 Large-area fabrication compatibility
While  laboratory  prototypes  often  achieve  peak  performance  on  small

scales,  scaling  these  processes  to  meter-scale architectural  glass  intro-
duces severe yield issues. Maintaining the stoichiometry and uniformity of all-
solid-state films via magnetron sputtering becomes exponentially difficult as
dimensions increase, while roll-to-roll processing for organic materials faces
strict challenges in controlling film homogeneity over long distances.

     PERSPECTIVE
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 Durability redefinition
Standard  laboratory  aging  protocols  are  often  insufficient  proxies  for  the

stochastic nature of real-world environments, failing to account for long-term
UV exposure, rapid temperature shocks, and seasonal humidity fluctuations.
This  validation  void  explains  why  promising  materials  perform  flawlessly  in
papers but fail prematurely on building facades. The lack of rigorous, realistic
stress-testing  in  the  early  research  phase  leads  to  late-stage  failures  that
destroy investor confidence.

 Economic constraints
Commercial electrochromic  windows  cost  significantly  more  than  tradi-

tional  Low-E  windows,  pricing  the  technology  out  of  mass  adoption.  High-
performance  dual-band devices,  which  often  require  intricate  nanofabrica-
tion or complex multi-layer stacks,  are frequently incompatible with existing
large-area  production  lines.  Driven  by  risk  aversion  and  cost  control,  the
industry typically retreats to conservative, established technical routes rather
than  adopting  the  cutting-edge  multi-functional  materials  developed  in
academia. Consequently, the product that reaches the market is a simplified,
robust, but performance-degraded version of the lab device.

 PRODUCT-APPLICATION:  SCENARIO  DISPARITY  AND  THE  MISSING
GRID-INTERACTIVE PERSPECTIVE

The final stage of the chain sees the performance curve decline further as
products  encounter  real-world  complexities.  Even  when  a  compromised
product  is  installed,  its  actual  utility  is  further  diminished  by  application
mismatch and a profound systemic blind spot. As illustrated in Figure 1, the
current  linear  path  (blue  solid  line)  abruptly  breaks  off  at  the ‘Application:

Scenario mismatch’ stage. This visualizes the most critical flaw in the current
paradigm:  the  complete  failure  to  connect  the  building  envelope  with  the
broader energy network. The traditional emphasis on passive energy conser-
vation  has  overshadowed  the  most  transformative  potential  of  smart
windows, which can function as active nodes in modern energy networks.

 The new power system requires demand-side flexibility
The global  transition toward carbon neutrality  is  fundamentally  reshaping

power  systems.  With  the  rapid  penetration  of  variable  renewable  energy,
power grids are experiencing unprecedented volatility. In China, the peak-to-
valley  difference  in  regional  power  grids  has  exceeded  50%  in  some  areas,
rendering  the  traditional ‘source-follows-load’ model  unsustainable  and
urgently demanding demand-side flexibility.4 To manage the spatial-tempo-
ral  mismatch  between  energy  supply  and  demand,  dynamic  time-of-use
(TOU)  electricity  pricing  mechanisms  have  been  widely  implemented.  As
depicted in the ‘Grid’ section of Figure 1, these highly granular 24-hour TOU
pricing and load curves create strong economic incentives for load shifting.

 The passive energy-saving paradigm in buildings falls short
Despite this macro-level shift,  the entire smart window research commu-

nity has  framed  its  value  proposition  around  passive  energy  saving.  Prod-
ucts  like  SageGlass  have  been  deployed  in  airports  and  offices,  yet  post-
occupancy  evaluations  reveal  that  without  intelligent  control  strategies,  the
potential  is  wasted.  Windows  are  often  left  in  a  static  state  or  controlled
manually, failing to respond to the sun’s angle or the building’s thermal iner-
tia.  This  operational  deficiency  highlights  a  deeper  conceptual  failure  that
treats the  building  envelope  as  a  static  barrier  rather  than  a  dynamic  inter-
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Figure 1.  Reorienting Smart Window Innovation: From Unidirectional Loss to Grid-Interactive Circular Synergy.
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face between occupants and the power grid.

 The thermal mechanism mismatch in specific scenarios
This  conceptual  failure  is  further  exacerbated  when  products  are  applied

without  considering  specific  scenario  physics.  In  the  New  Energy  Vehicle
sector, EC panoramic sunroofs are popular, yet most commercial EC devices
function via an absorptive mechanism, trapping solar energy within the glass
layer.  In  the  confined  space  of  a  car,  this  re-radiates heat  directly  to  occu-
pants,  causing  severe  thermal  discomfort.5 Future  devices  should  prioritize
tunable reflectivity or dynamic Low-E coatings to address such specific ther-
mal environments.

 FROM  LINEAR  LOSS  TO  CIRCULAR  SYNERGY:  AN  APPLICATION-
DRIVEN PARADIGM

As illustrated in Figure 1, the development trajectory has historically been a
unidirectional loss chain (the broken blue path). Starting from isolated mate-
rial  synthesis,  passing  through  brutal  engineering  filtration,  and  ending  in
mismatched  applications.  Breaking  through  this  predicament  requires  a
fundamental restructuring of the innovation logic. The field must transition to
a  circular  synergy,  represented  by  the  continuous  green  bridge  in Figure  1,
where  grid-interactive  requirements  and  scenario  physics  directly  dictate
material design, creating a closed-loop ecosystem.

 Redefining smart windows as grid-interactive flexible resources
The  foundation  of  this  circular  synergy  is  a  conceptual  leap.  Smart

windows must be redefined from passive energy-saving devices into active,
dispatchable flexibility resources. Buildings with high glass-to-wall ratios are
major contributors to peak cooling loads. Smart windows can modulate solar
heat gain in real-time, directly altering the building’s thermal load profile.  As
shown  in  the Figure  1,  when  the  power  grid  faces  peak  demand,  smart
windows can rapidly switch to a heat-blocking state, cutting air-conditioning
loads at the source. By integrating smart windows with HVAC systems,6 the
building’s thermal mass can serve as ‘virtual energy storage’: during off-peak
hours,  windows  allow  solar  pre-heating  or  pre-cooling;  during  peak  hours,
they  block  heat  while  the  HVAC  reduces  output,  releasing  stored  thermal
energy  to  maintain  comfort.  This  transforms  buildings  from  passive
consumers  into  grid-interactive  efficient  buildings  (GEB).7 Research  must
therefore  construct ‘supply-storage-use’ spatial-temporal  matching  models
that align the grid’s power supply curve, the building’s virtual thermal storage
capacity,  and  occupant  energy  use  patterns.  Developing  dynamic  response
algorithms that translate TOU pricing signals into automated window tinting
commands is the critical next step.8

 Multi-band modulation as the technical enabler
To  fulfill  this  new  role  as  a  flexible  resource,  multi-band  modulation

becomes  the  indispensable  technical  foundation.  Future  materials  are
expected to inherently possess the capability to independently decouple visi-
ble  light,  near-infrared,  and  long-wave  infrared  radiation.  This  full-spectrum
modulation  capability  is  not  merely  a  performance  enhancement;  it  is  the
physical  prerequisite  for  enabling  smart  windows  to  precisely  shape  the
building’s  load  profile  in  response  to  both  occupant  comfort  requirements
and grid dispatch signals.

 Scenario-first material design closes the loop
Finally, to  ensure these advanced materials  survive  the engineering filtra-

tion and succeed in real-world applications, the innovation chain must origi-

nate  from  the  application  scenario  rather  than  the  synthesis  bench.  This  is
embodied by the ‘Application-Driven Loop’(the green dashed line) in Figure 1,
which starts from the Grid and flows backward across the bridge to Material
design.  Building  physics  simulations  can  be  utilized  to  pre-define  target
parameters  based  on  specific  environmental  needs  and  grid  requirements.
These application-defined parameters  should  serve as the precise  blueprint
for material scientists, ensuring that the theoretical performance peak aligns
with actual end-use utility.9 By actively feeding data from real-world applica-
tions back into the laboratory, the field can facilitate a transition from passive
engineering compromise to proactive engineering-guided synthesis[10]. This
holistic  view,  where  materials,  devices,  products,  and  the  power  grid  are
tightly coupled, will transform smart windows into a cornerstone of sustain-
able energy systems.
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